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Abstract
The adsorption and corrosion inhibition behavior of (E)-2-methyl-N-(thiophen-2-ylmethylidene)aniline (T) at steel/1.0 M HCl
interface was investigated using gravimetric and electrochemical methods at 308 K. Inhibition efficiency increased with increase
in the concentration of new synthesized Tiophene Schiff base. The potentiodynamic polarization studies revealed that this com-
pound as mixed-type inhibitor. Data, obtained from EIS measurements, were analyzed to model the corrosion inhibition process
through appropriate equivalent circuit model; a constant phase element (CPE) has been used. The inhibition was assumed to occur
via adsorption of the components of the Thiophene derivative on the mild steel surface which can be approximated by Lang-
muir adsorption isotherm model. Quantum chemical parameters are calculated using the density functional theory (DFT) method.
Correlation between theoretical and experimental results is discussed.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
Iron and its alloys play crucial roles in our daily lives
due to their excellent properties, such as high structural∗ Corresponding author. Tel.: +212 623 010 373;
fax: +212 536 500 603.
E-mail address: azarrouk@gmail.com (A. Zarrouk).
Peer review under responsibility of Taibah University.
http://dx.doi.org/10.1016/j.jtusci.2015.11.008
1658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on 
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).methods; DFT
and mechanical strengths [1,2]. These materials are
used in various industrial and engineering applications.
Acid-pickling, acid-cleaning, acid descaling and oil-
well acidizing are well-known industrial processes for
cleaning the surfaces of metals. Acid solutions are used
for these applications. It is necessary to use acid solu-
tions to remove undesirable scale and corrosion products
from metals. Hydrochloric acid and sulphuric acid are
commonly used for this purpose; however, these acidsbehalf of Taibah University. This is an open access article under the
attack the metal and initiate corrosion. This corrosion
can cause serious damage to the metal and degrade
its properties, thereby limiting its applications [3–8].
To prevent from acidic solutions aggression, the use of
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The aggressive solutions of 1.0 M HCl were pre-
pared by dilution of analytical grade 37% HCl
with distilled water. The concentration range ofA. Aouniti et al. / Journal of Taibah
rganic inhibitors is one of the most practical methods
nd cost-effective choices for protect metals against cor-
osion. These organic inhibitors are usually adsorbed
n the metal surface via formation of a coordinate
ovalent bond (chemical adsorption) or the electrostatic
nteraction between the metal and inhibitor (physical
dsorption) [9]. This adsorption produces a uniform
lm, which isolates the metal surface from the aggres-
ive medium and consequently reduces the corrosion
xtent [10]. In general, the adsorption depends on (i)
he nature and the state of the metal surface, (ii) the
ype of corrosive environment and (iii) the chemical
tructure of inhibitor [11,12]. Organic compounds con-
aining heteroatoms with electronic lone pair (N, O, S
nd P), or p systems, or conjugated bonds, or aromatic
ings, are generally considered to be effective corrosion
nhibitors [13–21]. As important S-heterocyclic com-
ounds, Schiff’s bases are also used as efficient inhibitors
or mild steel corrosion in HCl media due to the presence
f C N group [22,23]. The lone pair of electrons on
 and S atoms, and the planarity of the molecule are
seful for its adsorption to the metal surface [24]. As
hey are non-toxic and biodegradable; the examination
f their anticorrosive proprieties is significant in the con-
ext of the current priority to synthesize inhibitors with
ow environmental impact.
As it is known, some authors have explained that not
nly the p electron of the Schiff bases enter unoccupied
rbitals of transition metals, but the * orbital can
lso accept the electrons of transition metal d-orbitals
o form feedback bonds [25] and thereby enabling
xistence in metal-inhibitor bond. In addition to this,
chiff bases have been recently reported as effective
orrosion inhibitors for steel, aluminum and copper in
cidic media. The greatest advantages of Schiff bases
re [26,27]:
a) they can be synthesized conveniently from inexpen-
sive raw materials
b) they contain the electron cloud on the aromatic ring
or, the electronegative atoms such as nitrogen and
sulfur in the relatively long chain compounds
c) harmless for environment, which encouraged us to
test this type of inhibitor.
In the present study, density functional theory (DFT)
as used to determine the molecular structure of
E)-2-methyl-N-(thiophen-2-ylmethylidene)aniline (T)
s a corrosion inhibitor for mild steel. The corrosion
nhibition behavior of new Thiophene derivative on
he mild steel in acidic solution was investigated using
ome experimental techniques.sity for Science 10 (2016) 774–785 775
2.  Materials  and  methods
2.1.  Materials
All commercial reagents were analytical grade and
used without further purification. Melting points were
determined by using a BUCHÏ 510 m.p. apparatus. The
NMR spectra were obtained with a Bruker AC 300 spec-
trometer (CNRS). Molecular weights were determined
on a JEOL JMS DX-300 Mass Spectrometer.
2.1.1. Synthesis  of  (E)-2-methyl-N-
(thiophen-2-ylmethylidene)aniline  (T)
This product was prepared by mixing ortho-
toluidine (2.23 g, 20 mmol) and furan-2-carbaldehyde
(2 g, 20 mmol) in 50 ml of dray diethyl ether. The reac-
tion mixture was stirred for 7 days at room temperature
using acetic acid as catalyst. The reaction completion
was confirmed by TLC and the product was puri-
fied on silica gel column flash-chromatography using
CH2Cl2/MeOH. The resulting product was precipitated
in petrol ether, filtrated and dried to get pure product
as brown powder. Yield 57% (2.1 g, 11.33 mmol). M.p.
62 ◦C. Rf = 0.77 (silica, CH2Cl2/MeOH, 9/1). 1H NMR
(300 MHz, CDCl3) δ  ppm: 8.17 (s, 1H, CH N); 7.61 (d,
1H, furan-H); 7.23 (d, 1H, phenyl, C3H); 7.19 (t, 1H,
phenyl, C5H); 7.14 (t, 1H, phenyl, C4H); 7.00 (d, 1H,
phenyl, C6H); 6.91 (t, 1H, furan-H); 8.74 (m, 1H, furan-
H); 2.51 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3) δ
ppm: 148.07 (1C, C N); 145.67 (1C, furan-C); 131.99
(1C, phenyl-C5-CH3); 130.39 (1C, phenyl-C3); 126.75
(1C, phenyl-C4); 125.92 (1C, phenyl-C5); 117.85 (1C,
furan-C); 116.02 (1C, phenyl-C6); 112.20 (1C, furan-
C); 17.95 (1C, CH3). m/z  (M+): 185.91. IR: ν(CH N,
imine) = 1630 cm−1. The synthetic route of inhibitor (T)
is shown in Scheme 1 and the structure of inhibitor is
shown in Fig. 1.
The steel used in this study is a mild steel with a chem-
ical composition (in wt%) of 0.09% P, 0.01% Al, 0.38%
Si, 0.05% Mn, 0.21% C, 0.05% S and the remainder iron
(Fe).Scheme 1. Synthetic route of inhibitor (E)-2-methyl-N-(thiophen-2-
ylmethylidene)aniline (T).
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MeFig. 1. Chemical structure of (E)-2-methyl-N-(thiophen-2-
ylmethylidene)aniline (T).
(E)-2-methyl-N-(thiophen-2-ylmethylidene)aniline (T)
used was 5 ×  10−5 M to 1 ×  10−3 M.
2.2.  Weight  loss  measurements
Gravimetric experiments were performed according
to the standard methods [28], the mild steel specimens
of dimension 1.5 cm ×  1.5 cm × 0.05 cm, were abraded
successively with different grades of emery papers,
washed with distilled water, cleaned with acetone. After
being weighed accurately with high sensitivity balance,
the specimens were immersed in 80 ml of 1.0 M HCl
with and without various concentrations of the studied
Thiophene derivative (T) at 308 K in aerated condition.
After a 6 h immersion, the specimens were taken out,
rinsed thoroughly with distilled water, dried and weighed
accurately again. The corrosion rate (ν) and the inhibi-
tion efficiency (ηWL) were calculated by the following
equations [29]:
ν  = W
St
(1)
ηWL (%) = ν0 −  ν
ν0
×  100 (2)
where W  is the three-experiment average weight loss of
the mild steel, S  is the total surface area of the specimen,
t is the immersion time and ν0 and ν  are values of the
corrosion rate without and with addition of the inhibitor,
respectively.
2.3.  Electrochemical  measurements
The electrochemical measurements were carried out
using Volta lab (Tacussel-Radiometer PGZ 100) poten-
tiostate and controlled by Tacussel corrosion analysis
software model (Voltamaster 4) at under static con-
dition. The corrosion cell used had three electrodes.
The reference electrode was a saturated calomel elec-
trode (SCE). A platinum electrode was used as auxiliary
electrode of surface area of 1 cm2. The working elec-
trode was mild steel. All potentials given in this study
were referred to this reference electrode. The workingsity for Science 10 (2016) 774–785
electrode was immersed in test solution for 30 min to
a establish steady state open circuit potential (Eocp).
After measuring the Eocp, the electrochemical measure-
ments were performed. All electrochemical tests have
been performed in aerated solutions at 308 K. The EIS
experiments were conducted in the frequency range of
100 kHz to 10 mHz at open circuit potential, with 10
points per decade, at the rest potential, after 30 min of
acid immersion, by applying 10 mV ac voltage peak-to-
peak. Nyquist plots were made from these experiments.
The impedance data were analyzed and fitted with the
simulation ZView 2.80, equivalent circuit software.
After ac impedance test, the potentiodynamic polar-
ization measurements of mild steel substrate in inhibited
and uninhibited solution were scanned from cathodic to
the anodic direction, E = Ecorr ±  300 mV, with a scan rate
of 1 mV s−1. The potentiodynamic data were analyzed
using the polarization VoltaMaster 4 software. The lin-
ear Tafel segments of anodic and cathodic curves were
extrapolated to corrosion potential to obtain corrosion
current densities (Icorr). From the polarization curves
obtained, the corrosion current (Icorr) was calculated by
curve fitting using the equation:
I =  Icorr
[
exp
(
2.3E
βa
)
−  exp
(
2.3E
βc
)]
(3)
βa and βc are the anodic and cathodic Tafel slopes and
E is E  −  Ecorr.
The inhibition efficiency was evaluated from the mea-
sured Icorr values using the following relationship:
ηTafel (%) = Icorr −  Icorr(i)
Icorr
×  100 (4)
where Icorr and Icorr(i) are the corrosion current densi-
ties for steel electrode in the uninhibited and inhibited
solutions, respectively.
2.4.  Quantum  chemical  calculations
Density functional theory (DFT) has been recently
used [30–33], to describe the interaction between the
inhibitor molecule and the surface as well as the proper-
ties of these inhibitors concerning their reactivity. The
molecular band gap was computed as the first verti-
cal electronic excitation energy from the ground state
using the time-dependent density functional theory (TD-
DFT) approach as implemented in Gaussian 03 [34]. For
these seek, some molecular descriptors, such as HOMO
and LUMO energy values, frontier orbital energy gap,
molecular dipole moment, electronegativity (χ), global
hardness (η), softness (σ), were calculated using the DFT
method and have been used to understand the properties
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nd activity of the newly prepared compounds and to
elp in the explanation of the experimental data obtained
or the corrosion process.
According to Koopman’s theorem [35], the ionization
otential (IE) and electron affinity (EA) of the inhibitors
re calculated using the following equations.
E  =  −EHOMO (5)
A =  −ELUMO (6)
hus, the values of the electronegativity (χ) and the
hemical hardness (η) according to Pearson, operational
nd approximate definitions can be evaluated using the
ollowing relations [36]:
 = IE +  EA
2
(7)
 = IE −  EA
2
(8)
lobal chemical softness (σ), which describes the capac-
ty of an atom or group of atoms to receive electrons [31],
as estimated by using the equation:
 = 1
η
= − 2
EHOMO −  ELUMO (9)
.  Results  and  discussion
.1.  Weight  loss  measurements
The inhibition efficiency values for mild steel in 1.0 M
Cl media at different concentrations of the inhibitor
re presented in Table 1. It is apparent that the inhibi-
ion efficiency increased with the increase in inhibitor
oncentration in 1.0 M HCl media. This behavior can
e explained based on strong interaction of the inhibitor
olecule with the metal surface resulting in adsorption37]. The extent of adsorption increases with the increase
n concentration of the inhibitor leading to increased
nhibition efficiency. In the acid solutions, the maxi-
um inhibition efficiency was observed at an inhibitor
able 1
eight loss data for mild steel 1.0 M HCl without and with different
oncentrations of Thiophene derivative at 308 K.
nhibitor Conc. (M) ν (mg cm−2 h−1) ηWL (%) θ
lank 1.0 0.820 – –
1 × 10−5 0.297 64 0.64
hiophene
erivative
5 × 10−5 0.201 75 0.75
1 × 10−4 0.141 83 0.83
5 × 10−4 0.098 88 0.88
1 × 10−3 0.051 94 0.94sity for Science 10 (2016) 774–785 777
concentration of 10−3 M. Generally, organic inhibitors
suppress the metal dissolution by forming a protective
film adsorbed to the metal surface and separating it from
the corrosion medium [38–42]. The corrosion suppress-
ing ability of the inhibitor molecule originates from the
tendency to form either strong or weak chemical bonds
with Fe atoms using the lone pair of electrons present on
the S and N atoms and the   electrons present in >C N
moiety and in benzene ring.
3.2.  Adsorption  isotherm  and  thermodynamic
parameters
It is well recognized that the first step in inhibition of
metallic corrosion is the adsorption of organic inhibitor
molecules at the metal/solution interface and that the
adsorption depends on the molecule’s chemical compo-
sition, the temperature and the electrochemical potential
at the metal/solution interface. In fact, the solvent H2O
molecules could also adsorb at metal/solution interface.
So the adsorption of organic inhibitor molecules from the
aqueous solution can be regarded as a quasi-substitution
process between the organic compounds in the aque-
ous phase [Org(sol)] and water molecules at the electrode
surface [H2O(ads)] as represented in Eq. (10) [43]:
Org(sol) +  nH2O(ads) →  Org(ads) +  nH2O(sol) (10)
Org(sol) and Org(ads) are the organic molecules in
the aqueous solution that adsorbed to the metal sur-
face. While H2O(ads) is the water molecule on the
metal surface in which n  is the coefficient that repre-
sent water molecules replaced by a unit of Thiophene
derivative.
The adsorption behavior of the inhibitor molecules
on metal surface explains their inhibition mechanism
[44,45]. Several adsorption isotherms can be used to
assess the adsorption behavior of the inhibitors. Lang-
muir adsorption isotherm is the best description of the
adsorption behavior of the inhibitor molecules on the
mild steel surface, which obeys Eq. (12) as follows
[46,47]. The values of surface coverage (θ) for differ-
ent concentrations at 308 K have been used to explain
the best isotherm that determines the adsorption pro-
cess. The surface coverage values (θ) were evaluated
using corrosion rate values obtained from the weight
loss method. Coverage can be obtained from weight loss
measurement by the following equation:
θ  = ν0 −  ν
ν0
(11)
 University for Science 10 (2016) 774–785
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Fig. 2. (A) Langmuir, (B) Frumkin and (C) Temkin isotherm for the
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Attempts were made to fit θ  values to various
isotherms including Langmuir, Frumkin, Freundlich and
Temkin isotherms as follows [48–51]:
Langmuir :
C
θ
= 1
K
+  C  (12)
Frumkin :
θ
1 −  θ exp(−2fθ) =  KC (13)
Temkin : exp(fθ) =  KC  (14)
θ  is the surface coverage, K  is the adsorption–desorption
equilibrium constant, C  is the concentration of inhibitor
and f is the factor of energetic inhomogeneity. Again,
the weight loss measurements were employed in this
experiment with the concentration range 10−6–10−3 M
at 308 K. The corresponding plots are shown in Fig. 2,
where the R2 value for Langmuir isotherm (Fig. 2A)
was 0.99952, Frumkin isotherm (Fig. 2B) was 0.95934
and Temkin isotherm (Fig. 2C) was 0.98542. From this
observation, it is concluded that Langmuir isotherm
shows the best correlation with the experimental data.
The kinetic thermodynamic model isotherm [52] is given
by:
Ln
(
θ
1 −  θ
)
= Ln K′ +  y  Ln C  (15)
where K′ is a constant, and y  is the number of
inhibitor molecules occupying one active site. A plot
of Ln(θ/1 −  θ) versus Ln C  gives a straight line of slop
y and intercept of Ln K′, as shown in Fig. 3. Equilib-
rium constant corresponding to adsorption isotherm is
given by, K  = K′1/y. Value of y > 1 implies the formation
of multilayer of inhibitor on the surface of metal. Value
of y < 1 mean a given inhibitor molecules will occupy
more than one active site. The behavior of equilibrium
constants obtained from Langmuir model was similar
to the values which obtained by kinetic–thermodynamic
model. The free energy of adsorption G◦ads, also can
be calculated using the following equation:
G
◦
ads =  −RT  Ln(55.5Kads) (16)
where 55.5 is the molar concentration of water, R  is
the universal gas constant and T is the temperature
in K. The calculated value of free energy of adsorp-
tion was found to be G◦ads =  −38.73 kJ mol−1, where
adsorption–desorption equilibrium constant K  value
was obtained from the linear regression of Langmuir
isotherm (66794.47 L mol−1).
◦The negative value of Gads indicates that the
inhibitor, in this case Thiophene derivative is sponta-
neously adsorbed onto the mild steel surface. It is well
known that values of G◦ads around −20 kJ mol−1 or
HCl.
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Tig. 3. Kinetic–thermodynamic model for the adsorption of T on mild
teel surface.
ower are associated with the physisorption phenomenon
here the electrostatic interaction assemble between the
harged molecule and the charged metal, while those
round −40 kJ mol−1 or higher are associated with the
hemisorption phenomenon where the sharing or trans-
er of organic molecules charge with the metal surface
ccurs [53,54]. The calculated value of |G◦ads|  of Thio-
hene derivative in HCl indicates that the adsorption
echanism of this compound on mild steel involves both
hemisorption and physisorption [55–57]. Owing to the
dsorbed water molecules on the surface of mild steel, it
ay be assumed that the adsorption occurs first due to the
lectrostatic interaction, and then the removal of water
olecules from the surface is accompanied by chemical
nteraction between the metal surface and the adsorbate
58].
.3.  Polarization  measurementsFig. 4 shows the polarization curves for mild
teel in 1.0 M HCl in the absence and presence of
E)-2-methyl-N-(thiophen-2-ylmethylidene)aniline (T).
able 2
otentiodynamic electrochemical parameters for the corrosion of mild steel i
nhibitor at 308 K.
nhibitor Conc. (M) −Ecorr (mVSCE) 
lank 1.0 464 
hiophene derivative 1 × 10−5 485 
5 × 10−5 495 
1 × 10−4 513 
5 × 10−4 481 
1 × 10−3 489 1.0 M HCl solution containing different concentrations of Thiophene
derivative.
It can be noticed that the addition of Thiophene
derivative causes a remarkable decrease in the corrosion
rate, shifting both anodic and cathodic Tafel curves to
lower current densities. This phenomenon indicates that
both anodic and cathodic reactions are suppressed and
the suppression effect becomes more pronounced with
the increase of the concentration of this inhibitor. The
electrochemical parameters such as corrosion potential
(Ecorr), cathodic Tafel slope (βc), and corrosion current
density (Icorr) obtained by extrapolating the Tafel
line are given in Table 2. The corrosion inhibition
efficiency (ηTafel) of this compound is calculated using
the relationship (4).
We can classify an inhibitor as cathodic or anodic
type if the displacement in corrosion potential is more
than 85 mV with respect to corrosion potential of the
blank [59]. In the presence of this Thiophene deriva-
tive, the corrosion potential of mild steel shifted to the
negative side only 49 mV (vs. SCE). This can be inter-
preted that inhibitor acts as a mixed type inhibitor and
shows more pronounced influence in the cathodic polar-
ization plots compared to that in the anodic plots. The
n 1.0 M HCl solution in the absence and presence of the investigated
−βc (mV/dec) Icorr (A cm−2) ηTafel (%)
164 1386 –
181 430 69
165 327 76
140 237 83
162 176 87
155 128 91
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parallel cathodic current–potential curves suggest that
the addition of this inhibitor does not modify the hydro-
gen evolution mechanism and the hydrogen evolution is
activation-controlled.
This suppression of the corrosion process may be
attributed to the covering of adsorbed (E)-2-methyl-N-
(thiophen-2-ylmethylidene)aniline (T) molecules on the
mild steel surface [60]. For anodic polarization curves
of mild steel with this compound, it is apparent that the
presence of the Thiophene derivative does not modify the
current vs. potential characteristics obviously. The data
in Table 2 reveals that when the concentration of this
inhibitor increased, the inhibition efficiency increases
and the corrosion current density decreases sharply. This
may be due to the adsorption layer of the inhibitor on the
metal surface.
3.4.  Electrochemical  impedance  spectroscopy
The corrosion of mild steel in 1.0 M HCl solution in
the presence of Thiophene derivative was investigated
by EIS at room temperature after an exposure period
of 30 min. Nyquist plots for mild steel obtained at the
interface in the absence and presence of this inhibitor at
different concentrations is given in Fig. 5.
A single semicircle has been observed at high fre-
quency which can be attributed to charge transfer of
the corrosion process and the diameter of the semicircle
increased with increasing inhibitor concentration. Fig. 5
clearly shows that the impedance spectra are not a perfect
semicircle. They seem to be depressed with center under
real axis and resemble depressed capacitive loops. Such
phenomenon often corresponds to surface heterogeneity
which may be the result of surface roughness, disloca-
tions, distribution of the active sites, or adsorption of the
160140120100806040200
0
20
40
60
80
100
-Z
im
 (
Ω
 c
m
2 )
Z
re
 (Ω cm2)
 Bla nk
 1x 10
-3
M
 5x 10
-4
M
 1x 10
-4
M
 5x 10
-5
M
 1x 10
-5
M
Fig. 5. Nyquist plot for mild steel in 1.0 M HCl solution in presence
of Thiophene derivative.Fig. 6. The Randles CPE circuit which is the equivalent circuit for this
impedance spectra.
inhibitor molecules [61–63]. An equivalent circuit was
introduced to explain the EIS data as shown in Fig. 6.
This circuit is generally used to describe the iron/acid
interface model [64]. In this circuit Rs is solution resis-
tance, Rct is charge transfer resistance, and CPE is a
constant phase element. The impedance function of the
CPE is as follows:
ZCPE = 1
Y0(jω)n
(17)
where Y  is the magnitude of the CPE, ω  is the angular
frequency, and the deviation parameter n  is a valuable
criterion of the nature of the metal surface and reflects
microscopic fluctuations of the surface. For n  = 0, ZCPE
represents a resistance with R  = Y1−; n = −1 an induct-
ance with L  = Y−1 and n = 1 an ideal capacitor with
C = Y  [65]. In iron/acid interface systems, ideal capac-
itor behavior is not observed due to the roughness or
uneven current distributions on the electrode surface
which results in frequency dispersion [66–68].
Table 3 lists impedance parameters of the Nyquist
plots of the Thiophene derivative in different concentra-
tions.
The inhibition efficiency of the inhibitor was calcu-
lated from the charge transfer resistance values using the
following equation:
ηz (%) = R
i
ct −  Roct
Rict
× 100 (18)
where Roct and Rict are the charge transfer resistance in
absence and in presence of inhibitor, respectively. The
EIS measurement reveals that at the concentration of
10−3 M, the percentage of inhibition efficiency is highest
(90% ηz). The result strongly supports the observation
that 10−3 M of this compound could work best as an
inhibitor.
The results also show that Rct values increased with
increase in additive concentration except few cases. The
percentage inhibition efficiencies calculated from the
Rct values indicate that Thiophene derivative acts as a
good corrosion inhibitor of mild steel in HCl medium.
The CPE values found to decrease with increase in
A. Aouniti et al. / Journal of Taibah University for Science 10 (2016) 774–785 781
Table 3
Impedance parameters and inhibition efficiency for mild steel in 1.0 M HCl solutions containing different concentrations of Thiophene derivative.
Conc. (M) Rs ( cm2) Rct ( cm2) CPE (F cm−2) n ηz (%)
0.0 1.9 14.5 193.87 0.886 –
1 × 10−5 2.1 40.0 84.40 0.845 64
5 × 10−5 2.1 54.0 69.02 0.849 73
1 × 10−4 1.8 70.1 49.64 0.841 79
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fore, the tendency for the formation of a feedback bond
would depend on the value of ELUMO. The lower value
of the ELUMO = −0.209 eV indicates the easier of the × 10 2.0 98.3 
 × 10−3 2.1 141 
oncentration of inhibitor solutions. This behavior is
enerally seen for system where inhibition occurred due
o the formation of a surface film by the adsorption of
nhibitor on the metal surface [69,70]. Decrease in CPE,
hich can result from a decrease in local dielectric con-
tant and/or an increase in the thickness of the electrical
ouble layer, suggest that the inhibitor molecules act by
dsorption at the metal/solution interface [71]. The val-
es of n obtained for this inhibitor system were close
o unity which shows that the interface behaves nearly
apacitive [72].
.5.  Quantum  chemical  calculations
Quantum chemical calculation has been widely used
o evaluate the inhibition performance of corrosion
nhibitors, which can quantitatively study the rela-
ionship between inhibition efficiency and molecular
eactivity [73–76]. With this method, the capability of
nhibitor molecules to donate or accept electrons can be
redicted with analysis of global reactivity parameters,
uch as the energy gap between HOMO and LUMO,
hemical hardness, and dipole moment.
The reactive abilities of Thiophene derivative are
losely related to their frontier molecular orbitals includ-
ng the highest occupied molecular orbital (HOMO)
nd the lowest unoccupied molecular orbital (LUMO).
HOMO indicates the tendency of an organic molecule
o donate electrons. The higher the value of EHOMO, the
reater the ability of a molecule to donate electrons while
LUMO indicates the propensity of a molecule to accept
lectrons. The lower ELUMO is, the greater is the ability
f that molecule to accept electrons. Thus, the binding
bility of organics to the metal surface increases with an
ncrease in energy of the HOMO and a decrease in the
alue of energy of the LUMO. The energy gap, E, is an
mportant parameter which indicates the reactivity ten-
ency of organics toward the metal surface [77]. As E
ecreases, the reactivity of the molecule increases, lead-
ng to an increase in adsorption onto a metal surface.
 molecule with low energy gap is more polarizable41.15 0.852 85
40.73 0.846 90
and is generally associated with high chemical reactiv-
ity and low kinetic stability. Thus, E  has been used
in literature to characterize the binding ability of organ-
ics to the metal surface [78]. The reactivity of corrosion
inhibitors may also be discussed in terms of chemical
hardness and softness parameters. These quantities are
often associated with the Lewis theory of acid and bases
and Pearson’s hard and soft acids and bases theory [79];
a hard molecule has a large E  and therefore is less
reactive; a soft molecule has a small E  and is therefore
more reactive. Adsorption occurs most probably at the
region of the molecule where softness (σ) has the highest
value [80]. Figs. 7 and 8 show the optimized geometry,
the HOMO density distribution and the LUMO density
distribution.
Table 4 shows the calculated quantum chemical prop-
erties for Thiophene derivative.
It is evident from Table 4, the highest value of
EHOMO = −0.324 eV of the studied compound indicates
the better inhibition efficiency. On the other hand, it has
also been found that an inhibitor does not only donate
an electron to the unoccupied d orbital of the metal ion
but can also accept electrons from the d orbital of the
metal leading to the formation of a feedback bond. There-Fig. 7. Optimized molecular structure of Thiophene derivative by
B3LYP-6-31G(d) method.
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Fig. 8. The frontier molecule orbital density distributions of T
Table 4
Molecular properties of Thiophene derivative obtained from the opti-
mized structure using DFT at the B3LYP/6-31G*.
Parameters Thiophene derivative
EHOMO (eV) −0.324
ELUMO (eV) −0.209
E gap (eV) 0.115
μ (Debye) 0.818
I = − EHOMO (eV) 0.324
A = − ELUMO (eV) 0.209
χ = I+A2 (eV) 0.2665
η = I−A2 (eV) 0.0575
1
4.  Conclusionσ =
η
17.3913
acceptance of electrons from the d orbital of the metal
[81,82]. The band gap energy, E  = ELUMO −  EHOMO
is an important parameter as a function of reactivity of
the inhibitor molecule toward the adsorption on metallic
surface. As E  decreases, the reactivity of the molecule
increases leading to increase the inhibition efficiency of
the molecule. The calculations indicate that our stud-
ied molecule has a small value of gap energy (0.115 eV)
which means the highest reactivity and accordingly the
highest inhibition efficiency which agrees well with the
experimental observations.
Absolute hardness and softness are important proper-
ties to measure the molecular stability and reactivity. A
hard molecule has a large energy gap and a soft molecule
has a small energy gap. Soft molecules are more reactive
than hard ones because they could easily offer electrons
to an acceptor. For the simplest transfer of electrons,
adsorption could occur at the part of the molecule where
σ, which is a local property, has the highest value [83].
In a corrosion system, the inhibitor acts as a Lewis base
while the metal acts as a Lewis acid. Bulk metals are soft
acids and thus soft base inhibitors are most effective for
acidic corrosion of those metals. In our present work the
studied molecule has low hardness value 0.0575 eV and
a highest value of softness of 17.3913.
The most widely used quantity to describe the polar-
ity is the dipole moment of the molecule [84]. Dipolehiophene derivative: HOMO (left) and LUMO (right).
moment is the measure of polarity of a polar covalent
bond. It is defined as the product of charge on the atoms
and the distance between the two bonded atoms. The
total dipole moment, however, reflects only the global
polarity of a molecule. For a complete molecule the
total molecular dipole moment may be approximated
as the vector sum of individual bond dipole moments.
The dipole moment (μ  in Debye) is another important
electronic parameter that results from non-uniform dis-
tribution of charges on the various atoms in the molecule.
The high value of dipole moment probably increases the
adsorption between chemical compound and metal sur-
face [85]. In our study, the value of the dipole moment
is 0.818 Debye.
3.6.  Inhibition  mechanism
From the results obtained from different electrochem-
ical and weight loss measurements, it was concluded that
Thiophene derivative inhibits the corrosion of mild steel
in 1.0 M HCl through its adsorption at the metal/solution
interface. The Thiophene derivative can be easily proton-
ated because its molecules are made of planer aromatic
rings of benzene and the thiophene ring, and also contain
S and N atoms and   electrons. Generally, in acid solu-
tions, the inhibition of metallic corrosion occurs through
(1) electrostatic interaction of protonated molecules with
already adsorbed chloride ions, (2) donor–acceptor inter-
actions between the p electrons of the aromatic ring and
the vacant d-orbital of the iron atoms, and (3) interaction
between unshared electron pairs of hetero atoms and the
vacant d-orbital of the iron surface atoms [47]. In the
present study, the calculated G◦ads value, indicating that
the adsorption of esomeprazole on the mild steel surface
follows both physisorption (ionic) and chemisorption
(molecular) mechanisms.(E)-2-methyl-N-(thiophen-2-ylmethylidene)aniline
shows good inhibitive properties for mild steel corrosion
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lmethylidene)aniline on the metal surface obeyed
angmuir adsorption isotherm. The value of the adsorp-
ion equilibrium constant shows that inhibitor is strongly
dsorbed on the metal surface. The quantum mechan-
cal approach may well be able to foretell molecule
tructures that are better for corrosion inhibition.
onﬂict  of  interest
The authors declare no competing financial interest.
eferences
[1] D.M. Strickland, The resistivity of iron and its application to the
chemical industry, Ind. Eng. Chem. 15 (1923) 566–569.
[2] J.D. Hatfield, A.V. Slack, G.L. Crow, H.B. Shaffer, Corrosion in
fertilizer equipment, corrosion of metals by liquid mixed fertili-
zers, J. Agric. Food Chem. 6 (1958) 524–531.
[3] I.A. Adejoro, F.K. Ojo, S.K. Obafemi, Corrosion inhibition
potentials of ampicillin for mild steel in hydrochloric acid
solution, J. Taibah Univ. Sci. (2015), http://dx.doi.org/10.1016/
j.jtusci.2014.10.002.
[4] D. Ben Hmamou, R. Salghi, A. Zarrouk, M.R. Aouad, O.
Benali, H. Zarrok, M. Messali, B. Hammouti, M.M. Kabanda, M.
Bouachrine, E.E. Ebenso, Weight loss, electrochemical, quantum
chemical calculation, and molecular dynamics simulation studies
on 2-(benzylthio)-1,4,5-triphenyl-1H-imidazole as an inhibitor
for mild steel corrosion in hydrochloric acid, Ind. Eng. Chem.
Res. 52 (2013) 14315–14327.
[5] H. Zarrok, R. Saddik, H. Oudda, B. Hammouti, A. El Midaoui,
A. Zarrouk, N. Benchat, M. Ebn Touhami, 5-(2-Chlorobenzyl)-
2,6-dimethylpyridazin-3-one: an efficient inhibitor of C38 steel
corrosion in hydrochloric acid, Der Pharm. Chem. 4 (2011)
272–282.
[6] A. Ghazoui, R. Saddik, N. Benchat, B. Hammouti, M.
Guenbour, A. Zarrouk, M. Ramdani, The role of 3-amino-2-
phenylimidazo[1,2-a]pyridine as corrosion inhibitor for C38 steel
in 1 M HCl, Der Pharm. Chem. 4 (2012) 352–364.
[7] A.H. Al Hamzi, H. Zarrok, A. Zarrouk, R. Salghi, B. Hammouti,
S.S. Al-Deyab, M. Bouachrine, A. Amine, F. Guenoun, The role
of acridin-9(10H)-one in the inhibition of carbon steel corro-
sion: thermodynamic, electrochemical and DFT studies, Int. J.
Electrochem. Sci. 8 (2013) 2586–2605.
[8] C.M. Goulart, A. Esteves-Souza, C.A. Martinez-Huitle, C.J.F.
Rodrigues, M.A.M. Maciel, A. Echevarria, Experimental and the-
oretical evaluation of semicarbazones and thiosemicarbazones as
organic corrosion inhibitors, Corros. Sci. 67 (2013) 281–291.
[9] G. Avci, Inhibitor effect of N,N′-methylenediacrylamide on cor-
rosion behavior of mild steel in 0.5 M HCl, Mater. Chem. Phys.
112 (2008) 234–238.
[sity for Science 10 (2016) 774–785 783
10] E.S. Meresht, T.S. Farahani, J. Neshati, 2-Butyne-1,4-diol as a
novel corrosion inhibitor for API X65 steel pipeline in carbon-
ate/bicarbonate solution, Corros. Sci. 54 (2012) 36–44.
11] M. Gopiraman, N. Selvakumaran, D. Kesavan, R. Karvembu,
Adsorption and corrosion inhibition behaviour of N-
(phenylcarbamothioyl)benzamide on mild steel in acidic
medium, Prog. Org. Coat. 73 (2012) 104–111.
12] A. Zarrouk, B. Hammouti, H. Zarrok, R. Salghi, A. Dafali, Lh.
Bazzi, L. Bammou, S.S. Al-Deyab, Electrochemical impedance
spectroscopy and weight loss study for new pyridazine derivative
as inhibitor for copper in nitric acid, Der Pharm. Chem. 4 (2012)
337–346.
13] A. Zarrouk, B. Hammouti, H. Zarrok, S.S. Al-Deyab, M. Mes-
sali, Temperature effect, activation energies and thermodynamic
adsorption studies of l-cysteine methyl ester hydrochloride as
copper corrosion inhibitor in nitric acid 2M, Int. J. Electrochem.
Sci. 6 (2011) 6261–6274.
14] A. Zarrouk, B. Hammouti, A. Dafali, H. Zarrok, l-Cysteine
methyl ester hydrochloride: a new corrosion inhibitor for copper
in nitric acid, Der Pharm. Chem. 3 (2011) 266–274.
15] A. Zarrouk, B. Hammouti, H. Zarrok, I. Warad, M. Bouachrine, N-
containing organic compound as an effective corrosion inhibitor
for copper in 2 M HNO3: weight loss and quantum chemical study,
Der Pharm. Chem. 3 (2011) 263–271.
16] A. Ghazoui, N. Bencaht, S.S. Al-Deyab, A. Zarrouk, B.
Hammouti, M. Ramdani, M. Guenbour, An investigation of two
novel pyridazine derivatives as corrosion inhibitor for C38 steel
in 1.0 M HCl, Int. J. Electrochem. Sci. 8 (2013) 2272–2292.
17] A. Zarrouk, H. Zarrok, R. Salghi, N. Bouroumane, B. Ham-
mouti, S.S. Al-Deyab, R. Touzani, The adsorption and corrosion
inhibition of 2-[bis-(3,5-dimethyl-pyrazol-1-ylmethyl)-amino]-
pentanedioic acid on carbon steel corrosion in 1.0 M HCl, Int.
J. Electrochem. Sci. (7 2012) 10215–10232.
18] H. Bendaha, A. Zarrouk, A. Aouniti, B. Hammouti, S. El Kadiri,
R. Salghi, R. Touzani, Adsorption and corrosion inhibitive prop-
erties of some tripodal pyrazolic compounds on mild steel
in hydrochloric acid systems, Phys. Chem. News 64 (2012)
95–103.
19] H. Zarrok, A. Zarrouk, R. Salghi, Y. Ramli, B. Ham-
mouti, M. Assouag, E.M. Essassi, H. Oudda, M. Taleb,
3,7-Dimethylquinoxalin-2-(1H)-one for inhibition of acid corro-
sion of carbon steel, J. Chem. Pharm. Res. 4 (2012) 5048–5055.
20] H. Zarrok, K. Al Mamari, A. Zarrouk, R. Salghi, B. Hammouti,
S.S. Al-Deyab, E.M. Essassi, F. Bentiss, H. Oudda, Gravimetric
and electrochemical evaluation of 1-allyl-1h-indole-2,3-dione of
carbon steel corrosion in hydrochloric acid, Int. J. Electrochem.
Sci. 7 (2012) 10338–10357.
21] D. Daoud, T. Douadi, S. Issaadi, S. Chafaa, Adsorption and corro-
sion inhibition of new synthesized thiophene Schiff base on mild
steel X52 in HCl and H2SO4 solutions, Corros. Sci. 79 (2014)
50–58.
22] S. Issaadi, T. Douadi, A. Zouaoui, S. Chafaa, M.A. Khan,
G. Bouet, Novel thiophene symmetrical Schiff base compounds
as corrosion inhibitor for mild steel in acidic media, Corros. Sci.
53 (2011) 1484–1488.
23] R. Solmaz, E. Altunbas, G. Kardas, Adsorption and cor-
rosion inhibition effect of 2-((5-mercapto-1,3,4-thiadiazol-2-
ylimino)methyl)phenol Schiff base on mild steel, Mater. Chem.
Phys. 125 (2011) 796–801.
24] S. Deng, X. Li, X. Xie, Hydroxymethyl urea and 1,3-
bis(hydroxymethyl) urea as corrosion inhibitors for steel in HCl
solution, Corros. Sci. 80 (2014) 276–289.
 Univer
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[784 A. Aouniti et al. / Journal of Taibah
25] R. Hasanov, M. Sadıkog˘lu, S. Bilgic¸, Electrochemical and
quantum chemical studies of some Schiff bases on the corro-
sion of steel in H2SO4 solution, Appl. Surf. Sci. 253 (2007)
3913–3921.
26] R.A. Prabhu, T.V. Venkatesha, A.V. Shanbhag, G.M. Kulkarni,
R.G. Kalkhambkar, Inhibition effects of some Schiff’s bases on
the corrosion of mild steel in hydrochloric acid solution, Corros.
Sci. 50 (2008) 3356–3362.
27] ASTM G 31-72, American Society for Testing and Materials,
Philadelphia, PA, 1990.
28] X.H. Li, S.D. Deng, H. Fu, G.N. Mu, N. Zhao, Synergism
between rare earth cerium(IV) ion and vanillin on the corrosion
of steel in H2SO4 solution: weight loss, electrochemical, UV–vis,
FTIR, XPS, and AFM approaches, Appl. Surf. Sci. 254 (2008)
5574–5586.
29] H. Ma, S. Chen, Z. Liu, Y. Sun, Theoretical elucidation on
the inhibition mechanism of pyridine–pyrazole compound: a
Hartree Fock study, J. Mol. Struct. (THEOCHEM) 774 (2006)
19–22.
30] J.H. Henríquez-Román, L. Padilla-Campos, M.A. Páez,
J.H. Zagal, A. María Rubio, C.M. Rangel, J. Costamagna, G.
Cárdenas-Jirón, The influence of aniline and its derivatives on
the corrosion behaviour of copper in acid solution: a theoretical
approach, J. Mol. Struct. (THEOCHEM) 757 (2005) 1–7.
31] L.M. Rodrguez-Valdez, A. Martnez-Villafane, D. Glossman-
Mitnik, Computational simulation of the molecular structure and
properties of heterocyclic organic compounds with possible cor-
rosion inhibition properties, J. Mol. Struct. (THEOCHEM) 713
(2005) 65–70.
32] Y. Feng, S. Chen, W. Guo, Y. Zhang, G. Liu, Inhibi-
tion of iron corrosion by 5,10,15,20-tetraphenylporphyrin and
5,10,15,20-tetra-(4-chlorophenyl)porphyrin adlayers in 0.5 M
H2SO4 solutions, J. Electroanal. Chem. 602 (2007) 115–122.
33] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N.
Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W.
Ochterski, P.Y. Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J.
Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels, M.C.
Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y.
Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B. John-
son, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, Gaussian
03, in: Revision E. 01, Gaussian, Inc., Wallingford CT, 2004.
34] M.J.S. Dewar, W. Thiel, Ground states of molecules. 38. The
MNDO method – approximations and parameters, J. Am. Chem.
Soc. 99 (1977) 4899–4907.
35] R.G. Pearson, Absolute electronegativity and hardness: applica-
tion to inorganic chemistry, Inorg. Chem. 27 (1988) 734–740.
36] R.S. Chaudhary, S. Sharma, Influence of auramine O on the cor-
rosion behaviour of mild steel, Ind. J. Chem. Technol. 6 (1999)
202–206.
37] G.K. Gomma, Corrosion of low-carbon steel in sulphuric acid
solution in presence of pyrazole–halides mixture, Mater. Chem.
Phys. 55 (1998) 241–246.
[sity for Science 10 (2016) 774–785
38] National Association of Corrosion Engineers, Corrosion Basics:
An Introduction, NACE, 1984, pp. 329.
39] A.I. Onuchukwu, S.P. Trasatti, S. Trasatti, Hydrogen permeation
into aluminium AA1060 as a result of corrosion in an alkaline
medium. Influence of anions in solution and of temperature, Cor-
ros. Sci. 36 (1994) 1815–1817.
40] I.F. Fishtik, I.I. Vataman, F.A. Spatar, The mechanism of ion-pair
formation in the inner part of the double layer, J. Electroanal.
Chem. 165 (1984) 1–8.
41] S. Martinez, I. Stern, Inhibitory mechanism of low-carbon steel
corrosion by mimosa tannin in sulphuric acid solutions, J. Appl.
Electrochem. 31 (2001) 973–978.
42] S. Cheng, S. Chen, T. Liu, X. Chang, Y. Yin, Carboxymethyl
chitosan as an ecofriendly inhibitor for mild steel in 1 M HCl,
Mater. Lett. 61 (2007) 3279–3280.
43] L. Narvaez, E. Cano, D.M. Bastidas, 3-Hydroxybenzoic
acid as AISI 316L stainless steel corrosion inhibitor in a
H2SO4–HF–H2O2 pickling solution, J. Appl. Electrochem. 35
(2005) 499–506.
44] W.H. Durnie, B.J. Kinsella, R. deMarco, A. Jefferson, A study
of the adsorption properties of commercial carbon dioxide cor-
rosion inhibitor formulations, J. Appl. Electrochem. 31 (2001)
1221–1226.
45] Y.H. Tang, W.Z. Yang, X.S. Yin, Y. Liu, R. Wan, J.T. Wang,
Phenyl-substituted amino thiadiazoles as corrosion inhibitors for
copper in 0.5 M H2SO4, Mater. Chem. Phys. 116 (2009) 479–483.
46] M.S. Morad, Corrosion inhibition of mild steel in sulfamic acid
solution by S-containing amino acids, J. Appl. Electrochem. 38
(2008) 1509–1518.
47] M.A. Quraishi, D. Jamal, Corrosion inhibition of N-80 steel and
mild steel in 15% boiling hydrochloric acid by a triazole com-
pound – SAHMT, Mater. Chem. Phys. 68 (2001) 283–287.
48] R. Agrawal, T.K.G. Namboodhiri, The inhibition of sulphuric
acid corrosion of 410 stainless steel by thioureas, Corros. Sci. 30
(1990) 37–52.
49] D. Do, Adsorption Analysis: Equilibria and Kinetics, Imperial
College Press, 1980.
50] T.P. Zhao, G.N. Mu, The adsorption and corrosion inhibition
of anion surfactants on aluminium surface in hydrochloric acid,
Corros. Sci. 41 (1999) 1937–1944.
51] A.S. Yaro, A.A. Khadom, H.F. Ibraheem, Peach juice as an anti-
corrosion inhibitor of mild steel, Anti Corros. Methods Mater. 5
(2011) 116–124.
52] F.M. Donahue, K. Nobe, Theory of organic corrosion inhibitors,
J. Electrochem. Soc. 112 (1965) 886–891.
53] E. Khamis, F. Bellucci, R.M. Latanision, E.S.H. El-Ashry, Acid
corrosion inhibition of nickel by 2-(triphenosphoranylidene) suc-
cinic anhydride, Corrosion 47 (1991) 677–686.
54] A. Yurt, G. Bereket, A. Kivrak, A. Balaban, B. Erk, Effect of
Schiff bases containing pyridyl group as corrosion inhibitors for
low carbon steel in 0.1 M HCl, J. Appl. Electrochem. 35 (2005)
1025–1032.
55] A.M. Fekry, R.R. Mohamed, Acetyl thiourea chitosan as an
eco-friendly inhibitor for mild steel in sulphuric acid medium,
Electrochim. Acta 55 (2010) 1933–1939.
56] V.R. Saliyan, A.V. Adhikari, Quinolin-5-ylmethylene-3-{[8-
(trifluoromethyl)quinolin-4-yl]thio}propanohydrazide as an
effective inhibitor of mild steel corrosion in HCl solution,
Corros. Sci. 50 (2008) 55–61.
57] L.M. Vracˇar, D.M. Drazˇi, Adsorption and corrosion inhibitive
properties of some organic molecules on iron electrode in sulfuric
acid, Corros. Sci. 44 (2002) 1669–1680.
 Univer
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[A. Aouniti et al. / Journal of Taibah
58] E.S. Ferreira, C. Giancomelli, F.C. Giacomelli, A. Spinelli, Eval-
uation of the inhibitor effect of l-ascorbic acid on the corrosion
of mild steel, Mater. Chem. Phys. 83 (2004) 129–134.
59] F.M. Mahgoub, B.A. Abdel-Nabey, Y.A. El-Samadisy, Adopting
a multipurpose inhibitor to control corrosion of ferrous alloys in
cooling water systems, Mater. Chem. Phys. 120 (2010) 104–108.
60] W.R. Fawcett, Z. Kovacova, A.J. Motheo, C.A. Foss, Applica-
tion of the AC admittance technique to double layer studies on
polycrystalline gold electrodes, J. Electroanal. Chem. 326 (1992)
91–103.
61] K. Juttner, Electrochemical impedance spectroscopy (EIS) of cor-
rosion processes on inhomogeneous surfaces, Electrochim. Acta
35 (1990) 1501–1508.
62] S.K. Shukla, M.A. Quraishi, 4-Substituted anilinomethylpropi-
onate: new and efficient corrosion inhibitors for mild steel in
hydrochloric acid solution, Corros. Sci. 51 (2009) 1990–1997.
63] F. Mansfeld, Recording and analysis of AC impedance data for
corrosion studies: background and method of analysis, Corrosion
37 (1981) 301–307.
64] J.R. Macdonald, Impedance spectroscopy and its use in analyzing
the steady-state AC response of solid and liquid electrolytes, J.
Electroanal. Chem. Int. Electrochem. 223 (1987) 25–50.
65] U. Rammelt, G. Reinhard, The influence of surface roughness on
the impedance data for iron electrodes in acid solutions, Corros.
Sci. 27 (1987) 373–382.
66] F.B. Growcock, J.H. Jasinski, Time resolved impedance spec-
troscopy of mild steel in concentrated hydrochloric acid, J.
Electrochem. Soc. 136 (1989) 2310–2314.
67] J. Pang, A. Briceno, S. Chander, A study of pyrite/solution inter-
face by impedance spectroscopy, J. Electrochem. Soc. 137 (1990)
3447–3455.
68] K.C. Emregul, O. Atakol, Corrosion inhibition of iron in 1 M
HCl solution with Schiff base compounds and derivatives, Mater.
Chem. Phys. 83 (2004) 373–379.
69] I.L. Rosenfield, Corrosion Inhibitors, McGraw-Hill, New York,
1981.
70] M. MaCafferty, N. Hackerman, Double layer capacitance of iron
and corrosion inhibition with polymethylene diamines, J. Elec-
trochim. Soc. 119 (1972) 146–154.
71] M. Hosseini, S.F.L. Mertens, M. Ghorbani, R.M. Arshadi, Asym-
metrical Schiff bases as inhibitors of mild steel corrosion in
sulphuric acid media, Mater. Chem. Phys. 78 (2003) 800–808.
72] N.O. Obi-Egbedi, I.B. Obot, M.I. El-Khaiary, Quantum chemical
investigation and statistical analysis of the relationship between
corrosion inhibition efficiency and molecular structure of xan-
thene and its derivatives on mild steel in sulphuric acid, J. Mol.
Struct. 1002 (2011) 86–96.
73] E.E. Ebenso, M.M. Kabanda, T. Arslan, M. Saracoglu,
F. Kandemirli, L.C. Murulana, A.K. Singh, S.K. Shukla, B.
[sity for Science 10 (2016) 774–785 785
Hammouti, K.F. Khaled, M.A. Quraishi, I.B. Obot, N.O. Eddy,
Quantum chemical investigations on quinoline derivatives as
effective corrosion inhibitors for mild steel in acidic medium,
Int. J. Electrochem. Sci. 7 (2012) 5643–5676.
74] M.M. Kabanda, L.C. Murulana, M. Ozcan, F. Karadag, I. Dehri,
I.B. Obot, E.E. Ebenso, Quantum chemical studies on the corro-
sion inhibition of mild steel by some triazoles and benzimidazole
derivatives in acidic medium, Int. J. Electrochem. Sci. 7 (2012)
5035–5056.
75] N.O. Obi-Egbedi, I.B. Obot, M.I. El-Khaiary, S.A. Umoren, E.E.
Ebenso, Computational simulation and statistical analysis on the
relationship between corrosion inhibition efficiency and molec-
ular structure of some phenanthroline derivatives on mild steel
surface, Int. J. Electrochem. Sci. 7 (2012) 5649–5675.
76] I.B. Obot, N.O. Obi-Egbedi, A.O. Eseola, Anticorrosion poten-
tial of 2-mesityl-1H-imidazo[4,5-f][1,10]phenanthroline on mild
steel in sulfuric acid solution: experimental and theoretical study,
Ind. Eng. Chem. Res. 50 (2011) 2098–2110.
77] A. Aytac, S. Bilgic, G. Gece, N. Ancin, S.G. Oztas, Experimental
and theoretical study of the inhibition effects of some Schiff bases
as corrosion inhibitors of aluminium in HCl, Mater. Corros. 63
(8) (2012) 729–734.
78] R.G. Pearson, Recent advances in the concept of hard and soft
acids and bases, J. Chem. Educ. 64 (1987) 561–567.
79] M.K. Awad, M.R. Mustafa, M.M. Abo Elnga, Computational sim-
ulation of the molecular structure of some triazoles as inhibitors
for the corrosion of metal surface, J. Mol. Struct. (THEOCHEM)
959 (2010) 66–74.
80] A.Y. Musa, A.H. Kadhum, A.B. Mohamad, A.b. Rohoma, H.
Mesmari, Electrochemical and quantum chemical calculations on
4,4-dimethyloxazolidine-2-thione as inhibitor for mild steel cor-
rosion in hydrochloric acid, J. Mol. Struct. 969 (2010) 233–327.
81] M.A. Amin, K.F. Khaled, S.A. Fadl-Allah, Testing validity of the
Tafel extrapolation method for monitoring corrosion of cold rolled
steel in HCl solutions – experimental and theoretical studies,
Corros. Sci. 52 (2010) 140–151.
82] G. Gece, S. Bilgic, Quantum chemical study of some cyclic nitro-
gen compounds as corrosion inhibitors of steel in NaCl media,
Corros. Sci. 51 (2009) 1876–1878.
83] O. Kikuchi, Systematic QSAR procedures with quantum chemi-
cal descriptors, Quant. Struct.: Act. Relat. 6 (1987) 179–184.
84] E.E. Ebenso, D.A. Isabirye, N.O. Eddy, Adsorption, Quantum
chemical studies on the inhibition potentials of some thiosemi-
carbazides for the corrosion of mild steel in acidic medium, Int.
J. Mol. Sci. 11 (2010) 2473–3249.85] I. Ahamad, S. Khan, K.R. Ansari, M.A. Quraishi, Primaquine: a
pharmaceutically active compound as corrosion inhibitor for mild
steel in hydrochloric acid solution, J. Chem. Pharm. Res. 3 (2011)
703–717.
